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nonsto ich iometry  will improve the electrocatalyt ic  behav-  
ior of RuO2 films. Unl ike normal  semiconductor  films, 
those of RuO2 are general ly highly conduct ing;  the main  re- 
s istance component  is probably  due to intergranular  con- 
tact  res istance in these microcrysta l l ine layers. 
S. Ard izzone ,  15 A. Carugat i ,  ~5 G. Lod i ,  ~5 and  S. T rasat t i :  ~5 
The main  point  of Dr. Burke 's  remarks,  as we unders tand  it, 
is that  there are no reasons to expect  that  the electro- 
catalytic act iv ity of RuO2 electrodes hould  be inf luenced 
by nonsto ich iometry  since the active surface sites at h igh 
anodic  potent ia ls  are invar iab ly  Ru(VI) species. While we 
do not  feel l ike agreeing on this  concept  in principle, we 
contend that  Dr. Burke 's  cr i t ic ism is not  proper ly  ad- 
dressed. F igure 1 on p. 1690 and the related comment  in our 
paper  clearly po int  out that  "cracked"  and "compact"  elec- 
t rodes differ in the surface morpho logy  rather  than  in the 
nonsto ich iometry .  F igure 3 shows that  no apprec iab le  dif- 
ference is observed wi th in  each group of e lectrodes al- 
though the nonsto ich iometry  var ies largely, yet a differ- 
ence poss ib ly  exists between the two groups, wh ich  may, 
thus,  be related to the surface morphology.  Therefore, the 
message f rom this  paper  is that  morpho logy  rather  than  
nonsto ich iometry  is the crucial factor in electrocataIysis at
RuO2 anodes.  
That  the surface morpho logy  can affect the electrocata- 
lytic propert ies  of RuO2 has been shown in our prev ious 
work ~6 on O3 evolut ion on some sets of electrodes. The ef- 
fect in that  case is admit ted ly  more str iking, and our conclu- 
sions have been conf i rmed in di f ferent laboratories.  ~7' ,8 It 
has been neat ly  found TM that  the degree of crystal l in i ty has a 
def inite effect on the O3 evolut ion mechan ism.  The point  of 
zero charge of RuO2 samples  has been found ,8, 38 to depend 
on the temperature  of preparat ion and to be related, as ex- 
pected f rom theories, wi th  the crystal  parameters  of the ox- 
ide. 2' All of these observat ions emphas ize  the ext reme sensi- 
t ivity of the nature of the active sites to the morpho logy  of 
the  surface. 
Dr. Burke  contends  that  the degree of hydrat ion  is not  ex- 
pected to be impor tant  in impar t ing  the electrocatalyt ic  
propert ies.  It  is well establ ished,  however,  that  a number  of 
propert ies  of RuO2 are closely interre lated as a funct ion of 
the temperature  of preparat ion.  ~6~ 22 Thus, the  residual  hy- 
drat ion decreases as T increases and at the  same t ime the 
crystal l in ity increases. Hydrat ion is p resumably  located in 
grain boundar ies  or at " inner"  surfaces (pores, etc.). As the 
crystal l i tes of RuO2 grow, defect-r ich regions will shr ink.  
That  is what  Fig. 9 in our paper  is devised to po int  out. 
In Dr. Burke 's  opinion, we have not  paid much at tent ion 
to the above aspect  apparent ly  because we have not appre- 
ciated some points  he touches  upon in his comments .  (i) Re- 
versibi l i ty of the C12 reaction: This is easi ly proved by the 
fact that  we were able to measure  the exchange cur rent  
f rom equ i l ib r ium i-E curves [cf. footnote 23]. The effect of 
mass t ransfer  on the Tafel slope has been d iscussed by one 
of us in a prev ious paper  24 precisely in connect ion  wi th  the 
C12 evolut ion reaction. We th ink  that  Losev's  results  25 high- 
l ight this  aspect  at the  best. We have also suggested that  
Losev's  idea could account  for the results  in Fig. 3 but  that  
we cannot  offer any definite proof  for this. In a chapter  
wr i t ten by two of us, 2e the contrast  between 03 evolut ion as 
~5 Department ofPhysical Chemistry and Electrochemistry, Uni- 
versity of Milan, Milan, Italy. 
~ G. Lodi, E. Sivieri, A. De Battisti, and S. Trasatti, J. Appl. 
Electrochem., 8 135 (1978). 
,7 L. I. Krishtalik, Personal communication. 
,s R. KStz and S. Stucki, Personal communication. 
~9 S. Ardizzone, P. Siviglia, and S. Trasatti, J. EIectroanal. Chem. 
122, 395 (1981). 
20 A. Daghetti, G. Lodi, and S. Trasatti, Mat. Chem. Phys., 8, 1 
(1983). 
21 p. Siviglia, A. Daghetti, and S. Trasatti, Coll. Surf., In press. 
2~ S. Trasatti and G. Lodi, in "Electrodes of Conductive Metallic 
Oxides. Part A," S. Trasatti, Editor, p. 301, Elsevier, Amsterdam 
(1981). 
23 B. V. Tilak, This Journal, 126, 343 (1979). 
24 S. Trasatti, ibid., 120, 1703 (1973). 
~ V. V. Losev, Elektrokhimiya, 17,733 (198I). 
2~ S. Trasatti and G. Lodi, in "Electrodes of Conductive Metallic 
Oxides. Part B," S. Trasatti, Editor, p. 521, Elsevier, Amsterdam 
(1981). 
a "demand ing , "  i r revers ib le react ion and CI~ evolut ion as a 
reversible,  poss ib ly "faci le" process has  been exhaust ive ly  
discussed. (ii) Relevance of surface redox behavior :  We 
first suggested 2~, 38 that  the behav ior  of RuO2 electrodes 
should  be accounted  for in terms of surface redox couples. 
The invo lvement  of surface redox couples in electrocata- 
lytic react ions has been recent ly  rat ional ized by Krish- 
talik. 22 In any case, it is hard to th ink  that  the surface redox 
behav ior  is substant ia l ly  unaf fected by the solid phase 
composit ion.  While the growth of a surface layer of more 
oxidized species might  offset some of the expected  iffer- 
ences, the features of the overlayer are still expected  to de- 
pend on the character ist ics  of the under ly ing  layers. Pro- 
longed oxygen evolut ion may lead to a compos i t ion  profile 
in the overlayer 3~ which  might  smooth  down init ial differ- 
ences between di f ferent ly t reated samples.  However,  in the 
case of CI~ evolut ion,  the large specific adsorpt ion of C1- 
ions 31 is to be taken  into account  when env isag ing surface 
oxidat ion mechan isms.  It is poss ib le that  some of the ex- 
per iments  cited by Burke  are not  sensit ive nough to give 
ev idence to surface effects. The free energy of a crystal  is 
certain ly affected by nonsto ich iometry ,  and  this  is ex- 
pected to be the case also for the surface where  addit ional  
factors (morphology)  have however  to be taken  into consid- 
eration. (iii) Nonsto ich iometry  and conduct iv i ty:  Dr. Burke  
contends  that,  unl ike semiconduct ing  oxides, RuO2 con- 
duct ion propert ies are not  affected by nonsto ich iometry  
since it is a metal l ic conductor .  Therefore, no improvement  
in the electrocatalyt ic  propert ies  are to be expected  from 
this po int  of view. We certainly did not  expect  any effect of 
this  sort since we drew attent ion to the metal l ic  features of 
RuO2 early in our work? 7 Dr. Burke 's  s ta tement  (with no 
reference) that  the main  res istance component  in RuO2 
films is p robab ly  due to intergranular  contact  res istance 
has been exper imenta l ly  substant ia ted  in th is  laboratory 
and  shown in a paper  3~ where the main  goal has been again 
to emphas ize  the role of morpho logy  in impar t ing  "appar-  
ent  semiconduct ing  propert ies"  to RuO2 films or pressed 
powders.  
Complexing of AI § by S -2 Ions in Alkali Halide Melts 
z. Nagy, J. L. Settle, J. Padova, and M. Blander 
(pp. 2034-2037, Vol. 129, No. 9) 
R. W. Berg  34 and  N. J. Bjer rum:  ~4 The exper iments  re- 
por ted in the technica l  note by Nagy et al. are very interest-  
ing and  complement  our earl ier esults  ~ in LiC1-CsC1 melts. 
We would l ike to raise some general  cr i t ic ism regard ing the 
in terpretat ion  of these new results  in the l ight of our  work, 
especial ly in re lat ion to the proposed (and quest ionable)  so- 
cal led "charge compensated  cou lomb complex"  or "4C" 
model.  
First, cons ider  the quest ion of the degree of complexa-  
t ion between A1 +3 and C1- in sulf ide-free chlor ide melts, ei- 
ther  be it LiC1-KC1 or LiC1-CsC1. Apparent ly ,  the authors  of 
the note in the i r  "4C" model  treat the A1 +3 and C1- as essen- 
tially uncomplexed.  This  is not  in agreement  w i th  present  
commonly  accepted  knowledge,  accord ing  to wh ich  
[A1CI~]- complex  ions  shou ld  be  fo rmed under  such  
condit ions.  
We are sure that  th is  format ion of [A1C14]- takes place, be- 
cause the Raman spectra of A1C13 dissolved in pure chlor ide 
melts  show a strong polarized band at ca. 347 cm -1. This 
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band has  been repeated ly  in terpreted 3~38 as the characteris-  
tic st rong v, fundamenta l  mode Of v ibrat ion  of the [A1C14]- 
tet rahedron.  The solids M[A1C1,] wi th  M = Li, Na, K, etc. 
def initely conta in  tet rahedra l  [A1C14]- ions (according to 
several  definit ive single crystal  x-ray st ructure  solut ions} 9 
and they also give the same v~ Raman band.  39 In th is  way, 
there  can be no doubt  that  A1 +3 predominant ly  exists as 
[AiC14]- ions in LiC1-KC1 melts. This po int  has been ne- 
glected by the authors  of the note; they mere ly  ment ion  as a 
possibi l i ty that  the bond ing  between A1 +3 and C1- could be 
not  total ly ionic. 
Secondly,  regard ing mixed solut ions of A1C13 and  Li2S in 
pure chlor ide mel ts  such as LiC1-KC1 or LiC1-CsC1 eutec- 
tics, the s i tuat ion is the same though not  as clear-cut. Our 
Raman spectroscopic  and  other  ev idence 35 indicates the 
format ion of po lymer ic  species such as [AlnS~_,CI~+2] ~- 
w i th  n >- 3. We are sure, as are the authors  of the note, that  
new complex  species are indeed formed upon the addi t ion 
of sulf ides to the solut ions of A1C13 in chlor ide melts;  new 
Raman bands  appear  due  to these new species (most nota- 
bly near  325 cm-~). 35 But, contrary to the authors  of the note, 
we find no reason to postulate species devoid of chlor ine, 
such as [AlmS,] +r Rather,  we have presented ev idence 
that  the mixed  solut ion conta ins  [AI~S,CI~,+2]"- (e.g. the 
preparat ion  of the pure polymer ic  compound CsA1SC12 
wi th  a s imi lar Raman spectrum)25 
The so-called "4C" model,  l ike other  s imi lar  pure ly  elec- 
trostat ic models  in physical  chemistry,  is s imple  and easy to 
use in calculat ions, but  the results  are of l itt le or no value as 
long as chemica l  bonds  are involved. The Raman ev idence 
shows that  this  is the  case in the cons idered system, and 
therefore the predict ions  obta ined by the "4C" model  are of 
l ittle if any use. This  conc lus ion takes noth ing  f rom the 
value of the exper imenta l  results  obta ined by the authors.  
Z. Nagy ,  4~ J. L. Set t le ,  4~ ,l. Padova ,  4~ and M. B lander :  4~ 
The comments  by Berg and B jer rum are based on a misun-  
ders tand ing  of  our use of the concept  of complex ing  wh~h 
may not  have been clearly stated in our  paper. We will at- 
tempt  to clarify our v iew of this  concept  in this  reply. 
In b inary systems of any two chlorides, the nearest  neigh- 
bors  of all cat ions are a lmost  exclus ively chlor ide ions, and  
all cat ions are, in a sense, complexed by anions. Thus,  the 
di f ference between the "complex ing"  of Li +, Al3+, or even 
K + by chlor ide ions in a solut ion of LiC1, KC1, and A1C13 is 
one of degree not  of kind. It is, of course, proper  to define 
special  complexes  such as A1CI~ in alkal i  hal ide melts  
where there  is strong spectroscopic ev idence for the exist- 
ence of this  species and where we bel ieve the A1CI~- is l ikely 
to be the major,  if not  exclusive, A18+ conta in ing species. 
Whether  other  species coexist  depends  on unknown factors 
re lated to the relat ive sensit iv i ty of detect ing these other  
species. Because there is always some uncer ta in ty  about  
the d is t r ibut ion of species (e.g., there could be some A13+ 
ions wi th  coord inat ion other  than  4), it is more exact  and 
safer to avoid def in ing the species in work  such as is de- 
scr ibed in our  paper. (This is even more  impor tant  in other  
systems where  the coord inat ion species are more poor ly 
unders tood  or def ined than  in melts  di lute in A13+.) 
Contrary  to Berg and B jer rum's  comment ,  we did not  as- 
sume that  A1 ~+ and C1- are not  part  of a complex  nor  that  the 
A1CI~ species does not  exist. Thus,  the i r  second paragraph 
results  f rom a misunders tand ing  of our  paper  and is not  a 
po int  of content ion.  For  the purposes  of our paper, the 
def in i t ion of such species (A1CI~) was i r re levant  and un- 
necessary.  The A1 ~+ ions have some average nearest  neigh- 
bor  env i ronment  and  could be exclus ively four coord inated 
or could have some d ist r ibut ion of  coord inat ion  umbers .  
The S 2- ion will also have some average nv i ronment  wh ich  
36 G. Torsi, G. Mamantov, and G. M. Begun, Inorg. Nucl. Chem. 
Lett., 6, 553 (1970). 
37 H. A. Oye, E. Rytter, P. Klaeboe, and S. J. Cyvin, Acta Chem. 
Scand., 25, 559 (1971). 
3s E. Rytter, H. A. Oye, S. J. Cyvin, B. N. Cyvin, and P. Klaeboe, J. 
Inorg. Nucl. Chem., 35, 1185 (1973). 
39 See e.g.F.  Wallart, A. Lorriaux-Rubbens, G. Mairesse, P. 
Barbier, and J. P. Wignacourt, J. Raman Spectrosc., 9, 55 (1980) and 
references therein. 
40 Argonne National Laboratory Chemical Technology Division, 
Argonne, Illinois 60439. 
need not  be specified. When the A1 +3 and S 2- ions associate, 
one can break  down the process into two changes.  The first 
is the rep lacement  o fa  C1- in the first shell  of an A13§ by S 2- 
and  the rep lacement  of an alkali  ion in the first shel l  of the 
S 2- by an A1 ~+ leading to a net  energy change of about  
-2e2/d. The second change is the rear rangement  of the 
other  ne ighbor ing  alkali  and hal ide ions wh ich  is re lated to 
the compensat ion  or shie ld ing of this  interact ion.  Berg and 
B jer rum make the unsuppor ted  claim that  bond ing  of the 
A1S + and  A1CI~- species is "chemica l "  in  nature.  The word 
chemical  is undef ined  in this  context.  In addit ion, there are 
no analyses of the energet ics  of these species to suppor tany  
bond ing  type. Indeed,  however  unl ike ly  it is, one can have 
A1CI~ species in solut ion even if the bonds  were pure ly  
ionic. If "chemica l "  is def ined as non-cou lombic  interac- 
t ions then,  of course, noncou lomb forces are undoubted ly  
s ignif icant but  they 'are l ikely to be smal ler  than  the large 
cou lomb forces invo lved (unless sulf ide ions in solut ion 
have charges close to -1). To  be important ,  the noncou-  
lomb energy of interact ion of A13+ wi th  a nearest  ne ighbor  
chlor ide ion must  be more negat ive than  the noncou lomb 
energy  of  in teract ion  of  A1 +3 w i th  a nearest  ne ighbor  
sulf ide ion by an amount  close in magn i tude  to the cou- 
lomb energy. This  seems unl ikely but, of course, is not  im- 
possible. Quantum mechan ica l  calculat ions of the energet-  
ics of these species are underway.  41 
The average cou lomb complex  has an unknown and gen- 
eral ly unspeci f ied number  of alkali  and chlor ide ions of the 
solvent as near  neighbors.  To do as Berg and  B jer rum have 
done and single out a smal l  number  of solvat ing chlor ides 
to be part  of the complex  is speculat ive and  may not  repre- 
sent  the real species, wh ich  could readi ly have a broad dis- 
t r ibut ion  of di f ferent ionic env i ronments  wh ich  could be 
ext remely  difficult, if  not  imposs ib le  to observe by any 
known structura l  measurement .  F rom a thermodynamic  
point  of view, the so lvent  ions in the env i ronment  are irrele- 
vant  if both  A13+ and S ~- are at low concentrat ions.  
Berg and B jer rum do br ing out an impor tant  po int  con- 
cern ing larger complexes.  A l though we felt that  the evi- 
dence favored the s imple A1S § complex  (albeit solvated by 
solvent cat ions and anions), we could not  rule out the im- 
por tance of larger species as we stated in our  paper. 
It is un for tunate  that  Berg and B jer rum contr ibute  to the 
confus ion concern ing  the di f ferences between complex ing  
in addit ive b inary  systems (e.g., K +, A13+/C1 - ) and in recipro- 
cal systems (e.g., K +, AI~+/CI-, $2-). In the first case, all cat- 
ions are "complexed"  and one cons iders  as " t rue"  com- 
p lexes those special and presumably  t ight ly  bound species 
where  structural  data are avai lable to define the structure.  
Of all the  b inary  chlor ide systems, those conta in ing A13§ 
ions are probab ly  the clearest examples  of systems wi th  
" t rue"  complexes.  For  a major  fract ion of b inary  chlor ide 
systems, there is some uncer ta inty  and  there are many 
shades  of gray. Even  for the " t rue"  complexes,  the struc- 
tura l  in format ion by itself  says noth ing  about  the energet-  
ics and  type of bond ing  wh ich  might  even be largely ionic. 
Thus, ev idence for the existence of a complex  is of no value 
in unders tand ing  the energet ics of react ion of A13+ ions wi th  
sulf ide or oxide ions. In reciprocal  systems at low concen-  
t rat ions of solute cat ions and anions, a complex  is formed 
between the solute ions when they are each others nearest  
ne ighbors  wi th  a greater than  random probabi l i ty.  The 
conf igurat ions of the solvent ions about  the separated so- 
lute ions and about  the complex  are usual ly  not  cons idered 
in def in ing such complexes.  This type of complex  is less 
subject  to uncer ta in ty  in def init ion than  the type in addi- 
t ive systems. Our point  is that  the cou lomb attract ions be- 
tween S 2- (or any other  po lyvalent  anion) wi th  po lyva lent  
cat ions in  alkal i  hal ides (a reciprocal  system) are very large 
and  are l ikely to dominate  the energet ics  of complex  forma- 
tion. Our 4C mode l  prov ides a basis for pred ict ing species 
wh ich  are l ikely to complex  strongly. The accuracy of the 
model  can be tested and improved in a wel l -def ined man-  
ner w i th  the use of molecular  dynamics  and quantum me- 
chanical  calculat ions under  deve lopment  for calculat ing 
the inf luence of sh ie ld ing and of noncou lomb forces  I f  
non-cou lomb (e.g., covalent) forces are impor tant  they 
could even enhance  the effects we discussed.  By contrast,  
Berg and B jer rum do not  offer any testable  alternative. 
4, L. A. Curtiss, Personal communication. 
Downloaded 21 Sep 2009 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
